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The Skeletal Muscle Calcium Release Channel:
Coupled O2 Sensor and NO Signaling Functions
A growing body of work indicates that redox-related
modifications of ion channels may be involved in a broad
spectrum of complex physiological responses. Exam-
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ples of these responses include vasomotion (BolotinaDepartment of Medicine
et al., 1994), muscle contraction (Meszaros et al., 1996;Divisions of Pulmonary and
Stoyanovsky et al., 1997; Xu et al., 1998), baroreceptorCardiovascular Medicine and
reflexes (Li et al., 1998), carotid body/glomus cell re-Department of Biochemistry
sponses (Summers et al., 1999), and synaptic plasticityDuke University Medical Center
(Lipton et al., 1993; Kim et al., 1999). However, the nature
Durham, North Carolina 27710 of the redox-related protein modification is in question
²Departments of Biochemistry and Biophysics and in every case, and the critical issue of ªredox signalº
Cell and Molecular Physiology versus ªoxidative stress responseº has not been clari-
University of North Carolina fied in these systems. It has also been shown that O2
Chapel Hill, North Carolina 27599 tension can modulate ion channel activities (Lopez-Bar-
neo et al., 1988; Youngson et al., 1993) and that NO may
play a role in O2 chemoreception (Prabhakar, 1999), but
Summary again, the molecular details are not known.
The skeletal muscle isoform of the intracellular cal-
cium release channel/ryanodine receptor (RyR1) is anIon channels have been studied extensively in ambient
archetype redox-sensitive channel. RyR1 releases intra-O2 tension (pO2), whereas tissue pO2 is much lower.
cellular calcium from the sarcoplasmic reticulum (SR) inThe skeletal muscle calcium release channel/ryano-
response to an action potential of the surface mem-dine receptor (RyR1) is one prominent example. Here
brane, resulting in muscle contraction (reviewed bywe report that pO2 dynamically controls the redox state
Franzini-Armstrong and Protasi, 1997). Many endoge-of 6±8 out of 50 thiols in each RyR1 subunit and thereby
nous effectors and associated proteins, including Ca21,tunes the response to NO. At physiological pO2, nano- Mg21, ATP, calmodulin (CaM), and triadin modulate
molar NO activates the channel by S-nitrosylating a RyR1 activity (reviewed by Meissner, 1994; Franzini-
single cysteine residue. Among sarcoplasmic reticu- Armstrong and Protasi, 1997). RyR1 also contains many
lum proteins, S-nitrosylation is specific to RyR1 and its thiol residues whose modification by reactive oxygen
effect on the channel is calmodulin dependent. Neither species (ROS) and reactive nitrogen species (RNS) alters
activation nor S-nitrosylation of the channel occurs at channel function (Abramson and Salama, 1989; Kobzik
ambient pO2. The demonstration that channel cysteine et al., 1994; Xu et al., 1998). It has been reported that
residues subserve coupled O2 sensor and NO regula- the cardiac isoform of RyR (RyR2) colocalizes with nitric
tory functions and that these operate through the pro- oxide synthase (NOS) in cardiac SR (Xu et al., 1999),
that RyR2 is endogenously S-nitrosylated (Xu et al.,totypic allosteric effector calmodulin may have gen-
1998), and that NOS inhibition affects both RyR functioneral implications for the regulation of redox-related
(Meszaros et al., 1996) and muscle contractility (Kobziksystems.
et al., 1994) in isolated muscle preparations. Moreover,
RyR2 responds differently to nitrosative modificationsIntroduction
(covalent linkages), which reversibly activate the chan-
nel, than to oxidative modifications (such as intramolec-Redox-related modifications of protein cysteine resi-
ular disulfide), which do not, in keeping with the notiondues have emerged as molecular mechanisms behind
that S-nitrosylation may be a signaling event (Xu et al.,many cellular processes, including DNA transcription
1998).(Hausladen et al., 1996; Aslund et al., 1999), protein
Strikingly, ion channels (including RyR1) have beenfolding (Bader et al., 1999), chaperone activity (Jakob
studied almost exclusively in ambient oxygen tensionet al., 1999), and enzyme function (Mannick et al., 1999).
(pO2 z150 mm Hg), whereas tissue pO2 is z10±20 mmA remaining question is whether such redox-related ac-
Hg and even lower in exercising muscle (Gorczynski and
tivity results from a change in the redox state of the Duling, 1978; Honig and Gayeski, 1993). We therefore
system (i.e., from an oxidative stress) or whether ªredoxº considered the possibility that standard experimental
is also a regulated mechanism for control-of-protein protocols in vitro have not accurately simulated the
function (i.e., may serve as a redox signal) analogous physiological conditions in vivo. In particular, NO and
to phosphorylation. S-nitrosylation has emerged as a O2 preferentially partition in lipid bilayers, where theirprototype redox-related signal. It is still the only redox- local concentrations and chemistry may be different
related posttranslational modification that has been from solution phase (Liu et al., 1998). Thus, models for
both detected in vivo and identified with reversible soluble proteins may not be relevant for ion channels
changes in protein function on a physiologically relevant and other membranous proteins.
time scale (Jia et al., 1996; Stamler et al., 1997a; Mannick In this study, the possible role of pO2 in NO/redox
et al., 1999). control of RyR1 channel activity was explored under
ambient O2 tension (21% O2 or z150 mm Hg) and under
the much lower pO2 (z10 mm Hg) normally found in³ To whom correspondence should be addressed (e-mail: meissner@
muscle. Given the stated importance of lipid environ-med.unc.edu [G. M.], staml001@mc.duke.edu [J. S. S.]).
§ These authors contributed equally to this work. ment and the existence of endogenous modulators and
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Figure 1. Purification of RyR1 and Thiol Quantification
SR vesicles were labeled with [3H]ryanodine or with the thiol-specific agent monobromobimane (mBB) in excess prior to treatment with CHAPS
and fractionation of the solubilized proteins by sucrose density gradient centrifugation. [3H]ryanodine binding and thiol/bimane fluorescence
intensity are enhanced in fraction 7 (A, inset), which contained purified RyR1 (.95%) as determined by densitometry analysis of 3%±12%
Coomassie blue±stained polyacrylamide gradient gels (B). Arrows indicate RyR1 in lane 1 (unfractionated skeletal SR) and lane 2 (fraction 7).
Fractions 12±19 in (A) contained unbound [3H]ryanodine.
associated channel proteins (Meissner, 1994; Franzini- Briefly, SR vesicles were probed with an excess of mBB,
solubilized with detergent (CHAPS), and then fraction-Armstrong and Protasi, 1997), SR vesicles were used
exclusively in place of purified RyR1. We report that ated by sucrose density gradient centrifugation to iso-
late RyR1; the fluorescence intensity (thus thiol content)exposing RyR1 within native SR to ambient oxygen leads
to oxidative changes in structure and function that are of each fraction was determined. A representative ex-
periment is shown in Figure 1A. During the experiment,likely to be entirely artificial. Moreover, we find that the
NO concentrations that are required to activate the matched SR preparations were probed with [3H]ryano-
channel in room air are exceedingly high and are not dine to identify the fraction most enriched with RyR1.
physiologically attainable. In contrast, NO activates Fraction 7 consistently contained the channel with purity
RyR1 very efficiently at physiological muscle pO2, with .95%, as determined by densitometry of Coomassie
maximal effects seen at submicromolar NO concentra- blue±stained polyacrylamide gradient gels (Figure 1B).
tions. Oxygen sensitivity is conferred by 6±8 cysteines The number of thiols per RyR1 subunit was deter-
(comprising the O2 sensor) that maintain the RyR in a mined from the thiol content and the protein concentra-
NO-responsive state. In this state, RyR1 is selectively tion of fraction 7 (n 5 3±4 preparations). Under pO2 z10
S-nitrosylated at 1 of the 50 free cysteines/subunit. Mod- mm Hg, RyR1 has 35.4 6 0.4 (SEM) free thiols per RyR1
ulation of RyR1 activity by submicromolar NO is de- subunit, whereas the thiol content of RyR1 was 29.1 6
pendent on calmodulin. Remarkably, RyR1 purified from 0.5, or z6 fewer per subunit, when assays were carried
skeletal muscle is endogenously S-nitrosylated. Our out in ambient O2 tension (Table 1). Since SR vesicles
studies of RyR1 thus (1) demonstrate the fundamental in both groups were exposed to room air during the
importance of tissue O2 tension in channel function; (2) initial isolation steps from skeletal muscle, the data sug-
implicate 6±8 cysteines in sensing O2 (the first molecular gest that some SR component(s) can actively reduce
description of an O2 sensor in a mammalian protein) and RyR1 and thereby maintain it in the reduced state at
perhaps also in determination of channel conformation; pO2 of z10 mm Hg. To confirm that this is indeed the
(3) show that O2 sensitivity of the channel is transduced case, SR vesicles were exposed to room air for 1 hr and
by S-nitrosylation of a single cysteine; (4) demonstrate then divided into two aliquots: half of the aliquots were
that S-nitrosylation is a dynamic regulatory modification kept under room air for another 1 hr while the other half
of RyR1 in the truest sense; and (5) provide a model for were placed under pO2 of z10 mm Hg. Thiol determina-
redox-related signaling that may broadly apply to other tions for the room air group and for the physiological
ion channels and membrane proteins, in which redox- muscle O2 group were 29.8 6 0.3 and 36.1 6 0.5 (mean 6
related posttranslational modifications operate through SEM, n 5 4), respectively. In a complementary experi-
allosteric effectors (such as calmodulin). ment, SR aliquots were first exposed to pO2 of z10 mm
Hg for 1 hr and then either switched to room air or
maintained at the same low O2 tension for a secondResults
hour. Almost identical results were obtained: the number
of thiols per RyR1 subunit in the room air-exposed groupOxygen Tension and Redox State of RyR1
was 29.9 6 0.6 and in the group maintained at low O2,The redox state of RyR1 was determined using the lipo-
35.9 6 0.5 (mean 6 SEM, n 5 3). The results of O2philic, thiol-specific probe monobromobimane (mBB) in
switching experiments show that in the presence ofa chamber equilibrated at an O2 tension of z10 mm Hg
or in room air as described in Experimental Procedures. other SR constituents, O2 tension dynamically controls
Activation of Ryanodine Receptor by NO
501
Table 1. Effect of O2 Tension on Redox State of RyR1
Approximate Numbers
of Free Thiols per
Exogenous Agents Added RyR1 Subunit Lost by
to SR Thiols per RyR1 Subunit (SH/RyR1) Ambient Air Exposure
Muscle O2 tension Ambient O2 tension
(pO2 z10 mm Hg) (pO2 z150 mm Hg)
None (Control) 35.4 6 0.4 (4) 29.1 6 0.5 (4) 6
DTT 0.1 mM 37.1 6 1.0 (3) 31.5 6 0.4 (4) 6
5.0 mM 52.8 6 2.7 (3) 44.9 6 1.3 (3) 8
GSH 5.0 mM 49.1 6 2.0 (3) 40.8 6 1.5 (3) 8
GSSG 5.0 mM 27.7 6 0.3 (3) 25.2 6 1.1 (3) 2
The experimental procedures are the same as described in the legend of Figure 1. Values are the mean 6 SEM of three to four experiments.
the redox state of RyR1. The presence of other SR com- under this condition was 27.7 6 0.3 at pO2 z10 mm Hg
versus 25.2 6 1.1 in ambient air (Table 1).ponents is necessary because the purified RyR1 did not
revert to a more reduced state at low O2 tension (data
not shown). Oxidation of RyR1 by Ambient O2 ArtificiallyThe isolated SR vesicles contained 0.58 6 0.09 Increases RyR1 Channel Activity
(mean 6 SD, n 5 3) mmol of glutathione/g SR protein,
It is well known that exposure of RyR1 to oxidizing
z90% of which was in the reduced form (z10 GSH
agents leads to alterations of channel activity. Enhanced
per RyR1 subunit). To see whether the effect of pO2 on [3H]ryanodine binding is the functional equivalent of in-
RyR1's redox state is dependent on glutathione/thiol,
creased open probability (Po) in lipid bilayer studies andthe SR vesicles were treated with various amounts of
is increased by thiol reactive disulfides (Zaidi et al., 1989)
GSH or dithiothreitol (DTT) and the redox state of RyR1
and hydrogen peroxide (Favero et al., 1995; Aghdasi et
was reassessed. As shown in Table 1, z50 of 101 cyste-
al., 1997). In this light, the effects of O2 tension wereine residues per RyR1 subunit (100 cysteines per 565
investigated. Air exposure of native SR vesicles resulted
kDa RyR1 peptide [Takeshima et al., 1989] and 1 per
in oxidation of 6 RyR1 thiols per subunit (Table 1) and
FK506 binding protein [Jayaraman et al., 1992]) could
enhanced [3H]ryanodine binding to RyR1 across the
be maintained in the reduced state if a physiological
spectrum of physiological calcium concentrations (Fig-
concentration of thiol (5 mM GSH) was added to the SR
ure 2A). Thus, 21% O2, which far exceeds the O2 tensionat an O2 tension of z10 mm Hg. In contrast, there were in muscle, caused an artificial activation of the channel.
6±8 fewer (mBB-reactive) thiols per RyR1 subunit when
SR vesicles were treated with exogenous thiol in ambi-
ent O2 tension. That is, physiological concentration of Modulation of RyR1 by NO at Physiological
and Ambient O2 TensionGSH could not fully protect RyR1 within native SR from
oxidation in room air; these O2-sensitive RyR1 thiols NO-related molecules are physiological modulators of
E-C coupling in striated muscle (Kobzik et al., 1994;were oxidized by glutathione disulfide (GSSG). Specifi-
cally, 5 mM GSSG decreased the number of pO2-respon- Meszaros et al., 1996). Reactions of NO with thiol-con-
taining proteins are influenced by O2 and transition met-sive RyR1 thiols from 6±8 to 2 when added to the SR
vesicles. The number of free thiols per RyR1 subunit als (Stamler, 1994). To determine whether NO is able
Figure 2. Effects of O2 Tensions on NO Modulation of RyR1 Channel Activity
(A) Room air enhances RyR1 channel activity as indicated by increases in [3H]ryanodine binding to RyR1 over a wide range of [Ca21] as
compared to pO2 z10 mm Hg. Solid lines were obtained by fitting data to a two site (one activation, one inactivation) logistic function (Tripathy
et al., 1995). Values are the mean 6 SD from at least three experiments. (B) and (C) show the dose-dependent effect of NO on [3H]ryanodine
binding to RyR1 at pO2 of z10 mm Hg (B) and z150 mm Hg (C). Values are the mean 6 SD of three experiments. Asterisk, p , 0.05; double
asterisk, p , 0.01, as compared to the controls (NO 5 0).
Cell
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Figure 3. NO Consuming Activity of the SR,
Endogenous S-Nitrosylation of RyR1, and the
Specificity of S-Nitrosylation at Physiological
pO2
(A and B) Acceleration of NO metabolism by
SR vesicles. Representative NO electrode
tracings of 0.125 mM NO (A) and 0.75 mM NO
(B) added to 0.15 M KCl and 20 mM K-PIPES
(pH 7.4) buffer in the absence (solid line) and
presence (dotted line) of SR vesicles (0.25
mg/ml protein) at pO2 of z10 mm Hg. [In (A)
d[NO]/dt was 20.13 A.U./min in the buffer
versus 20.31 in the presence of SR; in (B)
d[NO]/dt was 21.19 A.U./min in the buffer
versus 21.30 in the presence of SR.]
(C and D) Selective S-nitrosylation of RyR1 in
SR vesicles at pO2 of z10 mm Hg. Every other
fraction from the sucrose gradients was as-
sayed for endogenous SNO (C) or amounts
of SNO following treatment of SR vesicles
with 0.75 mM NO (D). The results are the aver-
age of two independent experiments.
to modulate RyR1 in physiological muscle O2 tension, S-Nitrosylation of One Cysteine by Submicromolar
NO Reversibly Activates RyR1 at Tissue pO2SR vesicles were treated with a range of NO concentra-
tions, and the amount of [3H]ryanodine binding at equi- An NO electrode was used to measure the lifetime of
NO at pO2 of 10 mm Hg in solutions lacking and con-librium was determined. Parallel [3H]ryanodine binding
studies were carried out in ambient O2 tension (z150 taining SR vesicles. Figure 3A shows that SR vesicles
accelerate the rate of NO decay. At 0.125 mM NO, themm Hg) for comparison. We observed that physiological
muscle O2 tension sensitizes RyR1 to NO activation. At peak height of the NO signal was reduced by SR and
the rate of decay was significantly increased (d[NO]/dta pO2 of z10 mm Hg, 500 nM NO was sufficient to
maximally activate the RyR1 (Figure 2B), whereas 100- was 20.14 6 0.03 [A.U./min] in the buffer group versus
20.28 6 0.04 in the SR group; n 5 3, p 5 0.02). Atfold higher NO concentrations (50 mM) were required
to achieve maximum activation in ambient O2 tension 0.75 mM NO, the peak height of the NO signal was still
reduced but rates of NO decay were only slightly faster(Figure 2C). Notably, these elevated NO concentrations
(10±100 mM) had the opposite effect of inhibiting RyR1 in the presence of SR vesicles (Figure 3B), indicating
saturation of the NO consuming activity (at this concen-at pO2 of 10 mm Hg (Figure 2B). pO2 therefore dictates
the outcome of the interaction between RyR1 and NO. tration of SR vesicles). Figure 3B further shows that
substantial levels of NO were present during the durationBiphasic activation/inactivation of RyR by NO is remi-
niscent of the action of other sulfhydryl-modifying re- of the Ca21 uptake and single-channel measurements
(see below). Taken together, these data show that SRagents, such as H2O2, dithiopyridines, or thimerosal
(Favero et al., 1995; Aghdasi et al., 1997). In this regard, vesicles exhibit NO consuming activity under physiologi-
cal conditions (NO , 1 mM; pO2 of z10 mm Hg).submicromolar NO is physiological in muscle (Balon and
Nadler, 1994; Kobzik et al., 1994; Malinski et al., 1996; The ramifications of NO consumption by SR vesicles
and the molecular mechanism of RyR1 interaction withPoderoso et al., 1998), whereas higher concentrations
may be viewed as a nitrosative stress (Eu et al., 2000). NO were further investigated. Native skeletal SR vesicles
and vesicles treated with 0.75 mM NO (as in Figure 3B)The NO-enhanced RyR1 channel activity at physiologi-
cal NO concentrations was not only seen in ryanodine at both low (i.e., physiological) and ambient O2 tension
(as in the [3H]ryanodine binding studies of Figure 2) werebinding studies (Figure 2B) but also in 45Ca21 uptake
studies and single-channel recordings (see below), and subjected to sucrose gradient centrifugation following
their solubilization with CHAPS. Fraction 7 (by our con-then only at physiological pO2. The NO concentration
which activates RyR1 at pO2 of z10 mm Hg is compara- vention), which contained RyR1 with .95% purity (Fig-
ure 1), was injected into a NO/chemiluminescence de-ble to that which activates guanylate cyclase (Stone and
Marletta, 1996). tector to determine the amount of RyR1 S-nitrosothiol
Activation of Ryanodine Receptor by NO
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Table 2. Number of SNO/RyR1 Subunit and [3H]ryanodine Binding with or without 0.75 mM of NO
Groups Muscle O2 Tension (pO2 z10 mm Hg) Ambient O2Tension (pO2 z150 mm Hg)
SNO/RyR1 subunit Bound [3H]ryanodine SNO/RyR1 subunit Bound [3H]ryanodine
(SNO/RyR1) (pmol/mg Protein) (SNO/RyR1) (pmol/mg Protein)
Control 0.25 6 0.09 (4) 0.67 6 0.05 (4) 0.35 6 0.14 (4) 0.95 6 0.08 (9)
15 mM GSH 0.09 6 0.06 (7) 0.18 6 0.02 (3) 0.06 6 0.05 (4) 0.25 6 0.04 (3)
NO (0.75 mM) 1.32 6 0.34 (6) 1.35 6 0.06 (4) 0.09 6 0.05 (3) 0.86 6 0.17 (7)
15 mM GSH 0.14 6 0.08 (3) 0.27 6 0.04 (3) 0.10 6 0.08 (3) 0.31 6 0.06 (3)
Shown are endogenous amounts of SNO-RyR1, SNO formed after exposure to 0.75 mM NO, and the functional correlations, as measured by
[3H]ryanodine binding (with 10 mM free Ca21). S-Nitrosylation and increase of RyR1 channel activity by NO were reversed by 5 mM GSH.
Values are the mean 6 SEM and number of experiments is given in parenthesis.
(SNO) formed endogenously and following NO treat- with previous data, these results strongly suggest that
at physiological NO and O2 concentrations, S-nitrosyla-ment. As shown in Table 2, significant amounts (z0.3
SNO/RyR1 subunit) of endogenous SNO-RyR1 were found tion of one RyR1 cysteine per RyR1 subunit is a specific
signaling event and not a result of random nitrosativein control samples. The levels of endogenously S-nitro-
sylated RyR1 are higher than those modifying the car- modification.
diac isoform (z0.04 SNO/RyR2 subunit [Xu et al., 1998]),
but whether this is due to higher NOS activity, SNO Modulation of RyR1 Activity by NO
stability, or protocol differences is not clear. Moreover, Is CaM Dependent
z1 additional cysteine per RyR1 subunit became S-nitro- It has been suggested that superoxide anion activates
sylated upon exposure to 0.75 mM NO in low (tissue) O2 the cardiac RyR channel and that such modulation is
tension but not in ambient O2 tension (Table 2). This CaM dependent (Kawakami and Okabe, 1998). Oxida-
S-nitrosylation of z1 RyR1 cysteine correlated with an tion of the RyR1 alters its interaction with CaM; con-
z2-fold increase in [3H]ryanodine binding (1.35 6 0.06 versely, CaM may protect RyR1 from oxidative modifica-
versus 0.67 6 0.05 pmol/mg protein in control, p , 0.01). tion (Zhang et al., 1999). The physiological relevance of
When 5 mM GSH was added to the SR vesicles 30 min these observations is unknown. We examined whether
after the addition of 0.75 mM NO, both the activation of CaM has a role in the modulation of RyR1 by NO. The
RyR1 and the increased level of S-nitrosylation were amount of endogenous CaM in isolated SR vesicles was
completely reversed. Remarkably (and in keeping with 0.14 6 0.03 mg/mg SR protein or 0.10±0.15 CaM per
all above studies), submicromolar NO did not increase RyR1 subunit (n 5 7). At pO2 of z10 mm Hg, sequestra-
[3H]ryanodine binding or S-nitrosylation of RyR1 in ambi- tion of endogenous CaM in the SR with a specific CaM
ent O2. binding peptide (CaMBP) increased [3H]ryanodine bind-
We also considered the possibility that alternative re- ing to the same level as 0.75 mM NO throughout the
dox-related modifications of RyR1 thiol(s) such as for- range of Ca21 tested (Figure 4A). NO- and CaMBP-medi-
mation of disulfide bond(s) (Aghdasi et al., 1997) might ated increases in channel activity exhibited the same
explain the alteration in channel activities. However, this pattern of calcium dependence. Moreover, [3H]ryano-
was not the case. Specifically, we measured 34.2 6 0.3 dine binding induced by CaMBP was not increased fur-
(n 5 4) and 28.9 6 0.8 (n 5 4) free thiols per RyR1 subunit ther by subsequent addition of 0.75 mM (at pO2 z10 mm
after the exposure to 0.75 mM NO at pO2s of z10 mm Hg). Therefore, modulation of RyR1 by submicromolar
Hg and z150 mm Hg, respectively, as compared with NO appears to be CaM dependent.
35.4 6 0.4 and 29.1 6 0.5 without NO (Table 1). That is, The interactions of RyR1, NO and CaM were further
0.75 mM NO led to loss of 1 reactive thiol at low pO2 explored in 45Ca21 uptake and single-channel studies.
but did not affect RyR1 thiol content in ambient air. The channel activities of RyR1 were inferred from 45Ca21
S-nitrosylation of one cysteine residue per RyR1 subunit uptake studies of SR vesicles (Figure 4B, pO2 z10 mm
is therefore the only redox-related modification of RyR1 Hg). The baseline maximum 45Ca21 uptakes of SR vesi-
thiol occurring under physiological NO/O2 concentra- cles were established in each group by pretreatment of
tions (0.75 mM NO at a pO2 of z10 mm Hg). SR with 0.3 mM ryanodine, which completely abolishes
RyR1 channel activity (dotted lines in Figure 4B, maxi-
mum Ca21 uptakes of SR vesicles among differentS-Nitrosylation Is Specific to RyR1 Among
SR Proteins groups were seen to be nearly identical). Consistent
with the [3H]ryanodine binding results (Figure 4A), 1 mMSince RyR1 constitutes only a small fraction of SR pro-
tein thiol (Figure 1), and it has been suggested that CaMBP or 0.75 mM NO decreased 45Ca21 uptake of SR
to comparable degrees, indicating an equivalent activa-proteins such as the Ca21-ATPase may be S-nitrosylated
(Viner et al., 1999), we screened constituents of the SR tion of RyR1. NO (0.75 mM) also reversed the inhibitory
effect of 2 mM CaMÐwhich when added with 1 mMfor S-nitrosylation. As shown in Figure 3C, only the
RyR1-enriched fraction (Figure 1, no. 7) contained signif- Ca21, increased 45Ca21 uptake of SR above that of the
controlÐand suppressed 45Ca21 uptake close to theicant endogenous SNO. Further, the RyR1-enriched
fraction was preferentially S-nitrosylated by the addition control level (Figure 4B). The effect of 0.75 mM NO on
45Ca21 uptake was reversed by GSH at low O2 tensionof submicromolar NO (at pO2 z10 mm Hg) (Figure 3D).
S-nitrosothiol stoichiometry corresponded to z1 cyste- (data not shown). In contrast, 0.75 mM NO had no effect
on 45Ca21 uptake of the SR at ambient O2 tension (dataine per RyR1 subunit, consistent with our previous data
(Table 2). (S-nitrosylation of other minor constituents is not shown).
The 45Ca21 uptake results in Figure 4B could also benot precluded by these observations.) Taken together
Cell
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Figure 4. Effects of CaM and NO on RyR1 Channel Activity at pO2 of z10 mm Hg
Specific [3H]ryanodine binding (A) and 45Ca21 uptake of SR vesicles (B) were determined at the indicated free [Ca21] in the absence and
presence of NO (0.75 mM), CaM (2 mM), and CaMBP (1 mM).
(A) At pO2 of z10 mm Hg, either 0.75 mM NO or CaMBP (which sequesters CaM) enhanced RyR1 channel activity. Additive effects of NO and
CaMBP were not seen. When RyR1 channel activity was suppressed by 2 mM exogenous CaM, 0.75 mM NO reversed the inhibition at low
but not elevated Ca21 concentrations. Data are the mean 6 SD of four experiments.
(B) No differences in 45Ca21 uptake were observed in SR vesicles that were pretreated with 0.3 mM ryanodine to completely close the SR
Ca21 release channel (dotted lines). The effects of NO, CaM, and CaMBP on 45Ca21 uptake by SR vesicles at pO2 of z10 mm are consistent
with [3H]ryanodine binding results (see Results and Discussion). Data are the mean 6 SD of three experiments.
explained by NO modulation of the SR Ca21-ATPase 2.6 pmol/mg protein for control) and KD (12.8 6 0.1 nM
with NO versus 15.6 6 1.1 nM for control, p , 0.05) of(Viner et al., 1999; Xu et al., 1999). To test this possibility,
Ca21-dependent ATPase activities in SR vesicles were [35S]CaM binding. Thus, S-nitrosylation of one cysteine
per RyR1 subunit did not activate the channel by dis-determined before and after the addition of 0.75 mM NO
at both physiological and ambient pO2 using a malachite placing CaM.
It has been shown that adding a saturating amountgreen ATPase method adapted from Kirchgesser and
Dahlmann (1990) in the presence of 1 mM ionomycin. of CaM (2 mM) to SR can inhibit [3H]ryanodine binding
to RyR1 (Tripathy et al., 1995). The effect of submicromo-NO (0.75 mM) did not change the activity of Ca21-ATPase
irrespective of the pO2 (n 5 8±9, data not shown). lar NO on [3H]ryanodine binding in the presence of 2
mM CaM was therefore examined under physiologicalThe ability of submicromolar NO to antagonize CaM's
inhibitory effect on RyR1 under physiological muscle muscle O2 tension. NO (0.75 mM) (at O2 tension z10 mm
Hg) antagonized the inhibitory effect of exogenouslyO2 tension was also confirmed in single-channel re-
cordings. SR vesicles were incorporated into planar lipid added CaM by partially restoring [3H]ryanodine binding
at [Ca21] , 10 mM but NO had a slightly inhibitory effectbilayers and single RyR1 channels were recorded with
Cs1 as the current carrier. As shown in Figures 5A and at [Ca21] . 100 mM (Figure 4A). In particular, in the
presence of 2 mM CaM, 0.75 mM NO shifts the peak of5B, the channel open probability (Po) of RyR1 in the
presence of 100 nM CaM and 4 mM free Ca21 was nearly [3H]ryanodine binding to a 10-fold lower Ca21 concentra-
tion (from pCa 5 to 6) at physiological O2 tension. Thisdoubled after the addition of 0.75 mM NO at pO2 of z10
mm Hg. In contrast, 0.75 mM NO did not change Po in effect of 0.75 mM of NO was not observed when match-
ing experiments were carried out in room air (data notambient O2 tension (Figure 5B). A second control experi-
ment in Figure 5B shows that at pO2 of z10 mm Hg, shown).
0.75 mM NO was without effect on channels obtained
from SR vesicles preincubated with CaMBP. Thus,
Discussion[3H]ryanodine binding, 45Ca21 uptake, and single-chan-
nel studies all show that modulation of RyR1 by submi-
cromolar NO at pO2 of z10 mm Hg is dependent on The nature of the ªredox/O2 sensorº that couples mem-
brane excitability to intracellular redox chemistry is a mys-endogenous CaM.
Scatchard analysis of [35S]CaM binding to RyR1 was tery (Goldberg et al., 1988; Semenza, 1999). Only recently
has one prevalent theory, involving the NADPH oxidase,performed to determine whether S-nitrosylation of RyR1
activates channels by displacing CaM from RyR1. At been questioned (Archer et al., 1999) and another, based
on structural homology between an NAD(P)H-oxidore-pO2 z10 mm Hg, 0.75 mM NO only modestly decreased
Bmax (68.4 6 2.2 pmol/mg protein with NO versus 74.0 6 ductase and a subunit of a K1 channel, been proposed
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Figure 5. Effect of NO on RyR1 Single-Channel Activities
(A) Channel currents of two RyR1s, shown as downward deflections from closed (c) levels, were recorded in a lipid bilayer chamber preequili-
brated to pO2 z10 mm Hg with voltage held at 235 mV. Top tracing: control with 100 nM of CaM and 4 mM free Ca21, Po 5 0.06; second
trace: 2 min after the addition of 0.75 mM NO to cytosolic side, Po 5 0.13.
(B) As compared to controls (open bars), 0.75 mM NO (shaded bars) significantly increased Po of RyR1 (asterisk, p , 0.05) at pO2 z10 mm
Hg but not pO2 z150 mm Hg. In the presence of 1 mM CaMBP, 0.75 mM NO did not significantly alter Po of RyR1 at pO2 of z10 mm Hg. Data
are mean 6 SEM of the number of experiments shown in parentheses.
(Gulbis et al., 1999). It has been alternatively surmised analogous effects on various ion channels, among which
are included the NMDA receptor/Ca21 channel (Liptonthat a heme protein may be used to sense O2 (Huang
et al., 1999; Semenza, 1999), but none has been discov- et al., 1993; Gbadegesin et al., 1999), baroreceptor Na1
channel (Drummond et al., 1998), and smooth muscleered in multicellular organisms. We uncovered a striking
plasticity of RyR1's redox state that was dictated by O2 K1 channel (Ruppersberg et al., 1991). But whereas ac-
tivity at low pO2 has been viewed as a compensatorytension. The channel does not contain heme or transition
metals or a flavin domain but is unusually rich in free or potentially adverse response to ªhypoxia,º it may be
more appropriately viewed as physiological.cysteines. Exposure of native SR vesicles to ambient
air resulted in oxidation of 6±8 free thiols per RyR1 sub- We note that all studies previously performed with the
RyR1 have been done at ambient pO2 and thus withunit (or 24±32 per channel) that reverted to the reduced
state upon lowering of the pO2 into the physiological an oxidized form of the channel. Inasmuch as skeletal
muscle is never exposed to such high pO2, this oxidizedrange (z10 mm Hg). Thus, pO2 appears to be the main
determinant of the redox status of 6±8 RyR1 thiols, which state of the channel is nonphysiological. Air exposure
of RyR1 manifested as an increase in channel activityare thereby identified with an O2 sensing function. Evi-
dently, this thiol-based ªO2 sensorº is coupled to a redox (Figure 2A) and as a loss of responsiveness to physiolog-
ical effectors (i.e., NO)Ðit has been common practicesystem within the SR (that provides the reducing equiva-
lents for switching between ªoxidizedº and ªreducedº to further subject air-exposed RyR1 to high concentra-
tions of oxidants in order to simulate oxidative damage.states of the channel); it is also intimately linked to NO
function; that is, only at physiological pO2 is the channel Our data suggest that the standard RyR1 preparation
may, in fact, be representative of channel behavior inresponsive to physiological concentrations (submicromo-
lar) of NO. Channel activation is the result of S-nitrosyla- oxidative stresses such as muscle fatigue or reperfusion
injury and more generally highlight the importance oftion of one cysteine. Thus, the redox state of the channel
(i.e., its responsiveness) is set by O2 tension, whereas studying redox-based cellular functions under redox
conditions (e.g., pO2) that closely mimic the physiologi-redox regulation of the channel is mediated by NO.
Our demonstration of dynamic changes in the thiol cal situation.
RyR1 is most efficiently activated at low NO and O2redox status of an ion channel in response to pO2 is
novel, but unlikely to be unique to RyR1. In addition to concentrations. Since the reactions of NO with cysteine
redox centers of proteins occur through intermediatesthe special cases of O2-responsive chemoreceptors in
the aortic arch (Lopez-Barneo et al., 1988) and airway formed by NO and O2 and/or are facilitated by redox
reactions that require the presence of oxidants (Stamler,(Youngson et al., 1993), it has been reported that a volt-
age- and Ca21-dependent Cl2 channel in SR is inhibited 1994; Stamler et al., 1997b), one might have expected
to see a more vigorous effect of NO at high pO2 and aby pO2 of ,1 mm Hg and reactivated by air oxidation.
These effects of O2 concentration were mimicked by greater dependence on the NO concentration. Indeed,
the notion that NO reactions with cysteine do not occurreducing and oxidizing agents (Kourie, 1997) that have
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at submicromolar NO concentrations shapes the current studies. NO did not, however, activate RyR1 that had
perspective (Wink et al., 1994; Zhao et al., 1999). It is been stripped of calmodulin by CaMBP (Figures 4A, 4B,
important to appreciate, however, that this perspective, and 5B). Scatchard analysis showed that 0.75 mM NO
which derives from reactions of NO in model aqueous at pO2 of z10 mm Hg did not significantly change Bmax
systems, does not imply that NO reactions in membra- value and only very modestly decreased KD of [35S]CaM
nous compartments or complex systems are similarly binding to RyR1. Thus, we conclude that although
dependent on high NO/O2 and thus cannot be assumed S-nitrosylation affects the interaction of CaM with RyR1,
to apply to the physiological situation. In fact, NO reac- it does not activate the channel by displacing it.
tions with thiols are probably greatly accelerated in We observed that RyR1 activity can be increased by
membranes where NO and O2 concentrate (Liu et al., high doses of NO in ambient pO2 (i.e., at high pO2). It is
1998), and there is no reason to believe that products possible that the channel has adapted this means to
of NO/O2 reactions in solution should interact with the respond to redox-related signals in conditions of oxida-
same class of RyR thiols as those modified by NO follow- tive and nitrosative stress. However, this ªfall backº
ing its entry into the membrane (or other hydrophobic mechanism comes with a price: only at physiological
pockets). In addition, the kinetics of NO/O2 metabolites NO/O2 is the biphasic dose response to NO (Figure 2)
such as NO2 and N2O3 or the relative distribution among preserved. That is, increased channel activity mediated
them may be significantly altered at different pO2, per- by the higher doses of NO or O2 comes at the expense
haps even by virtue of the existence of an O2-sensitive of loss of control. In summary, our studies with RyR1
enzymatic mechanism in the SR. Whatever the mecha- demonstrate that the redox state of an ion channel can
nism, NO metabolism is accelerated by the presence of be dynamically controlled by pO2, which thereby tunes
SR (Figure 3) and the S-nitrosylation reactions in SR the response to other modulators, particularly NO. We
vesicles (Table 2) are facilitated at the low O2 and NO further show that the NO signal is itself transduced by
concentrations present in vivo. NO responsiveness of the allosteric effector calmodulin. Thus, redox control
the channel is thus tuned by the pO2. may be thought of in terms of NO/O2-based posttransla-
The enhanced sensitivity of RyR1 to NO modulation tional modifications of proteins. Since NO/O2 concen-
at pO2 of z10 mm Hg is identified with 6±8 thiols. NO trate in hydrophobic environments, the prototype modi-
may react with one of them. Alternatively, the reduced fication, S-nitrosylation, may serve as a ubiquitous
thiols could maintain the RyR1 in an NO-sensitive con- membrane signal. Our work provides a model for future
formation (i.e., in a ªreducedº state) by exposing an studies of ion channels and other membrane proteins
NO-reactive cysteineÐa model we favor because stable in which critical cysteines subserve coupled O2 sensor
SNOs do not form at thiols that oxidize to disulfide and NO regulatory functions.
(Stamler and Hausladen, 1998). S-nitrosylation of RyR1
would then be allosterically linked to pO2/redox, as in Experimental Procedures
the precedent setting cases of hemoglobin, which binds
NO groups preferentially in the R (or oxy) structure Isolation of SR Vesicles and Purification of RyR1
SR fractions enriched with RyR1 were prepared from skeletal muscle(Stamler et al., 1997a) and methionine adenosyl trans-
in the presence of protease inhibitors as previously described (Laiferase (Perez-Mato et al., 1999). Interestingly, these lat-
et al., 1988). The maximum numbers of high-affinity [3H]ryanodineter proteins contain cysteines that conform to a motif
binding sites obtained ranged from 12±20 pmol/mg protein. The(Stamler et al., 1997b). The sensitivity of RyR1 to NO is
purification of RyR1 from SR vesicles using a sucrose gradient cen-relatively specific, as submicromolar NO has no notice-
trifugation method (Lai et al., 1988) was modified for each assay
able effect on another reputed redox-sensitive SR trans- (see below).
porter, the Ca21-ATPase (Viner et al., 1999), irrespective
of pO2. Quantification of RyR1 Thiols
The physiological relevance of this type of redox- The free thiol content of the rabbit skeletal RyR1 was determined
related modification is proven by our finding that RyR1, by the monobromobimane (mBB, Calbiochem) fluorescence method
of Kosower and Kosower (Xu et al., 1998). For low O2 tension, thelike the cardiac isoform of RyR (Xu et al., 1998), is endog-
experiments were set up in a chamber preequilibrated to pO2 ofenously S-nitrosylated; a major fraction of purified RyR1,
z10 mm Hg. Skeletal SR vesicle preparations, treated with or with-about 30%, was S-nitrosylated (ªcontrol groupsº in Ta-
out redox agents for 1 hr at 248C, were centrifuged (100,000 3 g)ble 2). The significance of this amount is underscored
at 48C for 1 hr. The pellets were brought back to the hypoxic chamberby the instability of SNOs, which are easily lost during
and washed with buffer preequilibrated to pO2 of z10 mm Hg andthe lengthy purification of this protein, and the fact that
then probed with an excess (500 mM) of lipophilic, thiol-specific
nNOS is often expressed only in type II (fast twitch) agent mBB for 1 hr in the dark at 248C. Matched experiments were
muscle fibers. Thus, S-nitrosylation may be restricted carried out in room air (pO2 of z150 mm Hg). Following the mBB
to fast-twitch fibers in order to facilitate a more rapid treatment, SR vesicles were solubilized with 1.5% CHAPS, and bi-
release of SR Ca21. Notably, in the presence of saturat- mane-labeled RyR1 was isolated by sucrose density gradient cen-
trifugation. The fluorescence intensities of bimane (i.e., the thioling levels of CaM (2 mM), NO shifted the peak of [3H]rya-
content) in the sucrose gradient fractions most enriched with RyR1nodine binding (as a function of Ca21) leftward (Figure
(.95%) were determined and normalized for protein concentrations4A). The data suggest that RyR1 may be activated by
as previously described (Xu et al., 1998).S-nitrosylation at less than 10 mM Ca21 and inhibited at
.100 mM Ca21. In other words, NO may facilitate both
NO Solutions and Lifetime in the Absence and Presence of SRcontraction and relaxation by modulating RyR1 channel
NO gas (purity .99%, National Wielders) was scrubbed to removeactivity. O2 and nitrite by passing it through an argon-purged column filledOur studies suggest that S-nitrosylation of RyR1 acti- with KOH pellets followed by bubbling the gas through a solution of
vates the channel by antagonizing the inhibition by CaM. NaOH. The concentration of NO dissolved in argon-purged buffer
At pO2 of z10 mm Hg, 0.75 mM NO had virtually identical was determined by using a hemoglobin titration assay. To determine
enhancing effects on channel activity in both [3H]ryano- the rates of NO metabolism with or without SR, the NO was added
to a rapidly stirred RyR1 buffer preequilibrated to pO2 z10 mm Hgdine binding (Figure 4A) and 45Ca21 uptake (Figure 4B)
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in the hypoxic chamber with or without 0.2 mg/ml to 2.0 mg/ml of at 1008C for 3 min, placed on ice and centrifuged at 7,000 3 g for
20 min. The supernatant was used to determine amounts of CaMSR vesicle proteins. Decomposition of NO was recorded with a NO
electrode (WPI Instruments). associated with SR membranes.
Ca21-ATPase activity in SR vesicles was assayed in 10 mm Hg
or ambient O2 tension by malachite green ATPase method adaptedS-Nitrosylation of RyR1
from Kirchgesser and Dahlmann (1990) in the presence of a Ca21Both native and NO-treated SR aliquots (0.75 mM NO for 1 hour) were
ionophore (1 mM ionomycin) and the presence and absence of 0.75subjected to sucrose density gradient centrifugation and aliquots of
mM NO. Mg21-ATPase remaining in the SR preparation was sub-RyR1-enriched (.95% purity) and -poor fractions were assayed for
tracted from the total ATPase by adding 1 mM EGTA to assay media.SNO by a photolysis/chemiluminescence-based NO detection assay
(Xu et al., 1998).
[35S]Calmodulin Binding
SR vesicles were incubated with 1±100 nM [35S]CaM at 248C in 0.15[3H]Ryanodine Binding
M KCl, 20 mM K-PIPES, pH 7.0, 0.3 mM Pefabloc, 30 mM leupeptin,SR vesicles, prepared as described in ªthiol assaysº (at controlled
and 1 mM free Ca21. After 2 hr of incubation at 248C in 10 mm HgpO2) were exposed to various concentrations of NO and incubated
or ambient O2 tension, aliquots of vesicle suspensions were assayedat 248C for 5 hr with 5 nM [3H]ryanodine and the indicated concentra-
for total radioactivity and centrifuged for 30 min at 30 psi in a Beck-tions of CaM, CaMBP, and free Ca21. The amounts of [3H]ryanodine
man Airfuge. Bound CaM was derived from free and total [35S]CaMbinding were determined as described (Tripathy et al. 1995).
measured by scintillation counting.
45Ca21 Uptake
Ca21 Assays45Ca21 uptake by SR vesicles was determined by a filtration method
Free Ca21 concentrations were obtained by including in the solutions(at both high and low oxygen tension). Samples were incubated in
Ca21 and EGTA as published by Schoenmakers et al. (1992). Free0.15 M KCl, 20 mM K-HEPES, pH 7.4, 1 mM free Ca21, 0.3 mM
Ca21 concentrations of .1 mM were verified with the use of a Ca21Pefabloc, and 30 mM leupeptin for 1 hr at 248C in the absence and
selective electrode (World Precision Instruments, Sarasota, FL).in the presence of 0.3 mM ryanodine to completely close the SR
Ca21 release channel. To investigate the effects of CaM, samples
Acknowledgmentswere preincubated with 2 mM CaM or 1 mM CaMBP. The final SR
protein concentration was 0.4 mg/ml. 45Ca21 uptake was started at
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